INTRODUCTION
The basic topology of a single-coil drive for a modern loudspeaker, with the magnet placed inside the voice coil, can be seen in Fig. 1 . Here the notation shows the direction of the magnetic flux, current, and force as prescribed by Lorentz. The notion of creating a dual-coil drive is relatively straightforward and is illustrated in Fig. 2 . Imagine that the single coil in Fig. 1 is simply a two-layer coil, which is then separated into two coils and placed in the configuration seen in Fig. 2 . In this figure the return circuit for the flux has been severed and a second air gap is formed. The second coil is then placed in this gap, positioned in the same axis as the first coil, and wound on the same voice-coil former. Because the flux in the return portion of the circuit is in the opposite direction to that in the upper gap, the second coil will need to have current flowing in the direction opposite to the first in order for the Lorentz force placed on both coils to be in the same direction. The notations in Fig. 2 show this clearly.
To begin comparing the single-coil design with the dualcoil-drive design certain constraints are needed to make an apples-to-apples comparison. As we shall see later, the dual-coil drive has more design flexibility, resulting in a much greater number of possible configurations. For this initial discussion we will constrain the coil mass to be the same in both designs. As mentioned, imagine simply cut-
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Although the electrodynamic drive topology incorporating two axially (not concentrically) placed coils is not a new idea and dates back to the 1950s, recent interest in the design has started a proliferation of the design conception professional and consumer markets. The fundamental design involves two coils that are opposite in phase and reside in oppositely polarized magnetic gaps, thus providing a Lorentz force in the same axial direction. The two gaps are formed from the same magnetic circuit, and both coils are wound on the same form, separated by some distance, connected or wound out of phase, and attached to a single diaphragm. Different design options with magnetic materials, magnetic circuit geometries, and voice-coil topologies are described. The focus is on performance tradeoffs and advantages in weight, power handling, power compression, and distortion relative to a single-gap design.
*Presented at the 103rd Convention of the Audio Engineering Society, New York, NY, 1997 September 26-29; revised 2002 February 6. Fig. 2 . Dual-coil-drive motor, one-half cross section. ting the single coil lengthwise in half and placing each half in the two gaps. The two gaps will now be tighter than the single one. In fact, they will be close to one-half the width of the single gap. In doing this, the reluctance of the single gap will be very nearly the same as that of the two gaps in the dual-coil drive. If this is the case, we should expect the flux densities B of the two gaps to be very nearly identical to the single gap. Also if we imagine the single coil to be a two-layer coil with the coils in series, then separating them while keeping them connected in series, the dc resistance (DCR) will be the same, as will be the total length l of the coils. We now have a comparison where the coil overhang, mass, DCR, and Bl product are the same in both cases. Therefore the small-signal Thiele-Small (TS) [1] , [2] parameters and the efficiencies of the two designs are the same. The clear improvement in the dual-coil-drive design, however, is that the surface area of the coil has now doubled. As prescribed by Henricksen [3] ,
where R ϭ thermal resistance,°C/W L ϭ length of thermal path, m A ϭ area of thermal path, m 2 K ϭ thermal conductivity,°C • m/W.
We can see that doubling A will lead to a thermal resistance value for the dual-coil-drive design that is half that for the single-coil design. According to Button [4] , [5] this will lead to either a doubling of the power handing or a halving of the power compression and, ultimately, an increase in the maximum output capability of the driver by 3 dB. While other configurations keeping the surface area constant might yield different results in TS parameters and efficiencies, this simple clear comparison shows that the dual-coil drive can have twice the maximum power output capability of the single-coil design.
HISTORY
As early as the 1950s patents began to surface describing a loudspeaker transducer with two voice coils spaced apart axially, which were wound in opposite directions on the same voice-coil former and connected in series (Figs. 3 [6] and 4 [7] ). The coils were separated by several millimeters. The magnetic circuits were based on an alnico permanent magnet and showed two magnetic air gaps at either end of the magnet, with one coil placed in each gap. This clever topology allowed the magnetic flux from the magnet to be used twice with a claimed increase in the Lorentz force generated by the driver. Although the authors may not have directly considered it, the two coils with twice the surface area of a single-coil design would handle twice the input power. The design appears to have been ahead of its time since drivers in the 1950s did not need to handle high power. Consequently the design never found commercial success, and no popular designs of the time can be found using this methodology. As can be seen in both Figs. 3 and 4, the inventors also predicted the need for using suspension elements at both ends of the dual-coil drive.
In Fig. 5 Surh [8] shows an interesting twist on the design without a return circuit collar, incorporating two completely separate magnet assemblies. This design would certainly suffer with poor heat dissipation from the two coils, without the steel on the outside diameter of the coils to transfer heat, but is it innovative in that it would be lighter in weight. The unique attachment at each of the dual coils would also provide a very robust drive mechanism. In recent years the author has been deeply involved with trying to improve the output capabilities of professional transducers. Also, in the past few years weight reduction has become extremely important. In 1990, completely unaware of the 1950s work, the author reinvented the methodology with neodymium as the magnetic material. The dual-coil-drive motor built in 1994 and patented in 1998 [9] is shown in Fig. 6 . The use of neodymium further improved the methodology to include a vast weight reduction and a more compact topology as additional benefits. The motor for the unit pictured in Fig. 6 weighs only 1.5 lb (0.68 kg) and has an AES (1984) power-handling capability of 250 W. The 15-in (381-mm) driver on which it is used has a very high efficiency of nearly 100 dB for 1 W of input power measured at 1 m. A single-coil ceramic magnet based driver with this type of performance could easily have a motor structure that weighs 10 times as much as the one in this design. However, because this design is so small, it is necessary to heat sink the small structure in order to dissipate the heat that is generated by the two coils. The design illustrated in Fig. 6 is innovative in that it shows an elegant heat sinking method. The configuration is well suited for immersion in a substantial aluminum structure with generous ribbing. This compact arrangement not only allows the heat sink design to be truly effective, but it sets the stage for the heat sink to then work as part of the loudspeaker structure as a whole, and it is very light in weight.
Over the course of the last decade the methodology has begun to gain wider acceptance and usage. In Fig. 7 Nokia [10] presents a design not unlike Krittner's [7] , but it shows an improvement in the magnetic circuit--undercuts in the pole--which would help focus the field in the gaps. This design also provides a generous suspension on both ends of the coil. Paddock [11] shows a further innovation by revealing a unique manner of fabricating the two coils out of a single rectangle of traces etched on a printed-circuit board (Fig. 8) . The board is then rolled into a cylinder, creating a dual coil that is prewired with the correct reversal of current.
Tanabe and Shimamura [12] reveal a very interesting innovation in the use of an injection-moldable magnet for a large part of the magnetic circuit (Fig. 9) . The material is a plastic binder with neodymium magnet particles suspended in it. While this material does not have the energy density of a solid neodymium iron boron magnet, accord- ing to Button's 1994 design, this structure would certainly be cost effective and lightweight. However, the plastic would be poor at heat transfer and in high-temperature operation. This design would not be robust in a highperformance application, but it would certainly have wide acceptance where weight alone was the most important factor.
Hirozawa [13] shows in Figs. 10 and 11 an additional twist to dual-coil-drive design by using one of the dual gaps to drive a second concentric set of coils for a highfrequency coaxial unit. The creation of two sets of dual gaps from the same magnet is shown in Fig. 12 .
The value of the dual-coil-drive methodology is not just limited to loudspeakers. Godkin et al. [14] show in Fig. 13 the use of a double dual-coil-drive configuration in a linear actuator. What is again claimed is an ability to efficiently create greater maximum output force. Circuits using neodymium, ceramic, and even plastic magnetic materials are all available in the commercial marketplace. There are a variety of parameters--weight, power handling, power compression, motor force, lowfrequency linearity, flux modulation, and cost--that can be juggled to suit the intended application. The dual-coildrive approach can be superior to a single-coil approach, depending on how one chooses to weight the value of the different measures of performance.
MAGNETIC ANALYSIS
In order to support the claims made in the Introduction, namely, that a dual-coil drive provides greater performance, a more detailed analysis is required. First let us examine the magnetic circuit of the dual-coil drive illustrated in Fig. 2 and compare it to the single-coil design of is lower due to air spaces. The gap width is 0.4 in (10.2 mm) tall and 0.14 in (3.6 mm) across the pole tips. This allows 0.02 in (0.5 mm) on the inside diameter (ID) and the outside diameter (OD) of the coil for clearance. The flux distribution in the single-coil design is pictured in Fig. 15 . It is important to note that the distribution is not symmetrical. Also note the difference in the flux densities on the ID versus the OD of the coil in both level and shape. Although single-gap designs can be made to be very close to symmetrical, it is not inherent in the approach. Fig. 16 represents the flux lines in the dual-coil drive design of Fig. 2 . The same-size magnet is used as that in the single-coil design. The coils are 3.0 in (76.2 mm) in diameter and 0.8 in (20.3 mm) long, but only 0.05 in (1.3 mm) in milling width. The gaps have been tightened to 0.09 in (2.3 mm), leaving the same 0.02-in (0.5-mm) clearance on the OD and ID. Fig. 17 represents the flux distributions in the two magnetic gaps. While each individual gap is not symmetrical, the distribution as a whole is perfectly symmetrical. The flux distributions on the OD and the ID of the coil are more alike than in the single-gap design. With properly centered coils the design would inherently have no asymmetrical bias. Consequently all second-harmonic distortion would be due to the nonlinearity of the suspension or flux modulation in the dual-coil design. Even more importantly, it can be seen that each gap actually has a higher flux level than the single-gap design. The average flux density in the single gap is about 0.83 tesla; the average flux density in the dual-coil-drive design appears to be about 0.88 tesla. Not only does the dual-coil drive have double the coil surface area, but the Bl product in this example would actually be 0.5 dB greater. The reason why the flux is higher, even though the total reluctance path is actually longer, is because the leakage rises nonlinearly as the air gap length is increased. The total length of the single gap is 0.14 in (3.6 mm) and the double gap is 0.18 in (4.6 mm), but the leakage on the tighter dual gaps is low enough that it makes up for the difference, and then some! While all designs might not expect to realize this same increase, it is clear in this example that we have at least maintained the force factor with a doubling of the coil surface area and no increase in coil mass.
Now that the dual-gap approach has shown to be beneficial, the next step is to look at additional factors in design flexibility. Figs. 18 and 19 show the two basic configurations that dual-coil-drive motors can take. In essence the magnet can go on the inside of the coil or on the outside. Each method has its pros and cons. The magnet structure in Fig. 18 can be made very cost effectively when using ceramic, and it would also be capable of generating more flux in the gap than with the magnet in the center. Only the saturation of the pole (approximately 2.0 tesla) sets the limit as to how much flux can be channeled 
be generated in the circuit, at the expense of it becoming very tall and heavy. If maximum performance and minimum weight are the important design factors, the configuration in Figs. 2 and 19 with neodymium would provide the optimum solution.
LINEARITY
The next step in confirming the value of the dual-coil drive is to examine the maximum linear excursion x max of each approach. Fig. 20 compares the flux lines passing through (linked to) the coil in the single-coil design of Fig.  1 to the axial position of the coil as measured on a prototype motor. Fig. 21 compares the actual motor strength R ME of the coil to the axial position as calculated by
where B ϭ average flux density in coil, tesla l ϭ length of wire in coil, m DCR ϭ dc resistance of coil, W.
In each case two different coil lengths are displayed. Interestingly, the longer coil [0.8 in (20.3 mm)] has a higher motor strength than the shorter one [0.5 in (12.7 mm)]. The gap is 0.4 in (10.2 mm) tall. Normally one would expect the shorter coil to have a higher motor strength because the average flux density throughout the coil is typically so much higher. However, because the leakage is so high, the longer coil is able to utilize the leakage and realize a higher motor strength. The length of the coil is the only variable one has to adjust the linearity in a single-gap design. However, in the dual-coil drive there is an additional parameter to adjust the linearity versus R ME tradeoff, namely, the spacing between the coils in addition to the length of the coils. Fig.  22 shows five possible spacings for a 0.5-in (12.7-mm) long pair of coils. This additional flexibility calls for a bit of nomenclature for the specific configurations. For this reason we adopted the terms "positive and negative innerhang" and "positive and negative outerhang." To visualize this, only think of the upper coil. In all dual-coil designs the coil placement is symmetrical with respect to the magnetic structure. Innerhang is defined as the distance from the inside edge of the top plate to the inside end of the coil. Positive innerhang means the coil hangs below the bottom of the top plate. Negative innerhang then represents a coil whose lower end is actually above the bottom of the plate and in the magnetic gap. Outerhang is simpler. Positive outerhang is the same as the traditional term, overhang (the amount above or outside the top plate). Negative outerhang is similar to the traditional underhung (in which the top of the coil is below the top of the top plate in the magnetic gap), but it only applies to the part of the coil toward the outer part of the structure. These conventions make it easier to understand the legends in the following figures. Fig.  23 shows the flux lines through the coils in each case. Note the number of lines is about double that in the singlecoil design as the lines are used twice. Fig. 24 gives the calculated R ME of each of the possible configurations. These figures represent magnetic flux data taken on an actual dual-coil-drive motor like that in Fig. 2 . From these plots we can make direct comparisons with the single-coil design. In addition Figs. 25, 26, and 27 show the same type of data for a 0.8-in (20.3-mm)-long coil).
There is a huge array of possibilities relative to the single-coil design. Button [15] suggests that the x max of a motor design is the displacement where the Bl product has been reduced to 65% of its value in the static position. Recent work by the author suggests that the point where R ME reaches 50% may be a better number and is a simpler rule of thumb. For the sake of comparison Table 1 lists the x max values as prescribed by the displacement, where R ME is half the maximum value.
The coil is 3.0 in (76.2 mm) in diameter, the magnet is 0.7 in (17.8 mm) thick, and the plates are 0.4 in (10.2 mm) thick. It is clear that the dual-coil design has just as much linearity for the same R ME and has the capability of having a much higher R ME with only slightly less linearity. Also, you can have extremely high x max at the sacrifice of R ME but not at the expense of coil mass. Probably twice the coil mass would be required in the single-coil design to make the coil long enough to achieve the very high 0.65ϩ x max figure (see Table 1 ). In the dual-coil-drive design the shorter coil does in fact have a higher R ME than the longer coil because the leakage is low. A driver with a short, light coil and very high R ME , as might be required for a horn or a midrange driver, would find superior performance in the dual-coil-drive configuration. The dual-coil-drive approach is equal or superior to the single-coil design in both linearity and efficiency, and it still has double the coil surface area. The use of neodymium has additional benefits in linearity due to lower flux modulation over ceramic magnets. Fig. 28 from Button [16] shows the change in the flux dis- tribution across a voice-coil gap in time steps over the course of a sine wave. This nonlinear change in flux creates a back EMF in the coil that has harmonic components. This phenomenon is known as flux modulation and results in harmonic distortion in the midband frequencies of a driver. Fig. 29 , taken from [17] , shows that the total change or modulation of the B field relative to the operating point is considerably more dramatic in ceramic than in neodymium. As pictured, the modulation consumes nearly one-third of the load line in ceramic whereas in neodymium it is only about one-tenth. This difference translates into 10 dB less distortion due to flux modulation in a neodymium-based motor.
HEAT DISSIPATION
Throughout this paper the contention has been that doubling the surface area of the coil will result in 3 dB more maximum output, and we have suggested that quite possibly the dual-coil drive will have a little more efficiency for the same coil overhang. Fig. 30 compares the power compression of two 10-in (254-mm)-diameter drivers. One is a traditional single-gap model, the 2123. The second is a similar driver equipped with a dual-coildrive motor, the 2251 (Fig. 31) . The comparison shows a much more linear relationship between input power and sound pressure output as the power is increased. The 2251 has half the power compression of the 2123. This comparison is very valid as the coil in the 2123 is of the same height as one of the coils in the 2251 [a little less than 0.5 in (12.7 mm)]. The dual coils live up to the expectation that the heat dissipation is twice as effective with two coils as with one. Fig. 32 shows the sound pressure levels versus time for the two drivers when powered with full-power pink noise. A decade of 300 to 3000 Hz pink noise is used. These drivers are midrange, designed for use in this range. Clearly, the 2251 (400-W rating) outperforms the 2123 (200 W) by more than 3 dB, even after power compression has set in. Both drivers power compress the same amount at full power, suggesting that the voice coils are operating at the same temperature and that the ratings are appropriate. The dual-coil drive is able to dissipate twice the power and stay at the same temperature. The contention that the dual-coil drive will supply at least 3 dB more maximum output has been proven. As with the structure from Fig. 6 , the 2251 motor is well suited for encasement in a generous heat sink. This heat sink is truly effective with large fins, and if made from aluminum it would still be very light. Fig. 33 shows the 2251 in a unique configuration, where the substantial heat sink is external to the enclosure and additional cooling to the heat sink can be realized by virtue of a channel in which the motor rests, resulting in a chimney cooling effect. Furthermore, the motor for the 2251 weighs only 2.5 lb (1.13 kg). This compares with 15 lb (6.8 kg) for the 2123 motor and well over 20 lb (9 kg) for some competitive high-performance drivers on the market today. Interestingly, because there is such a reduction in the amount of steel required, the neodymium design is very cost competitive with a ceramic single-gap design using large amounts of steel, despite the higher cost of the neodymium magnet.
INDUCTANCE REDUCTION
An additional benefit of the dual-coil-drive configuration is that it exhibits much lower inductance than a coil with the same total number of turns in one gap. Any two coils that are in close proximity to each other share an inductive component called mutual inductance. If two coils are wound on top of each other, they have a very high component of mutual inductance. As the coils are separated, the mutual inductance component decreases. This alone would cause the dual-coil design to have lower inductance than the single-coil design. But even more interesting, because the coils are wired in reverse polarity, the mutual inductive component is in fact negative. Fig. 34 shows an impedance curve of a dual-coil drive in an unmagnetized pot structure with the coils' wire in phase and in reverse phase. The impedance curve of the example with the coils in reverse polarity shows a lower total inductance, and it shows the corner frequency rising a full octave from 200 to 400 Hz. This is no doubt extremely beneficial in a driver intended for use in a midrange loudspeaker. 
DESIGN IMPROVEMENTS
The Achilles heel of the dual-coil-drive configuration comes when the design is examined for high-excursion applications. Most of the designs on the market are not high-excursion designs. The problem is, what happens when one coil leaves the gap and moves into the other one? Figs. 24 and 27 both show the motor force going to zero at about 0.75 in (19 mm) in that design. Beyond that the motor force comes back up and would reverse in phase. This would be useful as a braking action except that, as first described by Barlow [18] , in the frequency region near the high motional impedance, due to the back EMF at resonance, the coil wants to seek a position of lower R ME . If there is any asymmetry, the coil will jump out of the gap in that direction in any normal loudspeaker.
Also even if everything is balanced, and the program material has an asymmetrical waveform in this frequency range, it will pop out the coil anyway. This dynamic offset phenomenon is well witnessed by many loudspeaker engineers. It is typically counteracted by using a progressive suspension having a stiffness versus deflection curve that mirrors the inverse of the loss of R ME versus displacement of the coil [18] . The only down side of this method is that when the suspension is operating in a nonlinear region, it is much more prone to fatigue. In the case of a dual-coildrive driver the jump out is even more dramatic at the extremes of travel. Because not only is R ME decreasing, it will go negative and further increase the jump-out force. Spacing coils very far apart works quite well. However, the suspension is still required to have sufficient progressive stiffness, as in a normal design.
In an attempt to solve this problem in a single-coil design Wiik [19] patented the dynamic brake shown in Fig. 35 . The design involves two shorted coils at either end of the driving coil. At each extreme of the voice coil's travel the shorted coil enters the gap and creates a back EMF proportional to the velocity of the coil. A current is then generated in the shorted coil, which creates a Lorentz force opposite to the direction of velocity, slowing down the coil. Hence the term, dynamic brake. A further refinement of this idea was proposed by Nokia [10] and is shown in Fig. 36 . In the Nokia design the coils are not shorted but driven externally by an amplifier that injects a current in coils placed at the ends of the drive coil when it starts to enter the gap. Presumably there is some form of motion sensing to tell the braking amplifier when to do this. A refinement of the dual-coil-drive design to accomplish what Wiik [19] had presented is shown in Fig. 37 . This configuration is elegant in that only one braking coil is required instead of the two in the Wiik design [19] . This will reduce the mass of the braking coil by 50%. Figs. 38  and 39 show the positions of the braking coil as it starts to take effect in each direction, and Fig. 40 presents the effect of the braking shorted coil on the voltage required to reach a certain excursion in a 10-in (254-mm) driver. The coil arrangement is very similar in Figs. 37-39 , that is, 0.6 in (15.2 mm) of excursion (in one direction) represents the point at which the braking coil is totally immersed in the gap. Shown is the effect with and without the coil shorted. Clearly, with the braking coil shorted, a higher voltage can be put on the driver without overexcursion. The braking is gradual and could be thought of as a soft clipping, suggesting that the audible side effects would be minimal. The great advantage of this approach is that excursion limiting or progressive velocity reduction is converted into heat, not wear and tear on the suspension. Fig. 41 shows a cross section of a dual-coil driver designed for a studio monitoring application with two stationary shorting rings to reduce inductance and distortion, and with a braking coil for excursion protection, placed on the moving assembly.
CONCLUSIONS
The dual-coil-drive approach to loudspeaker motor design actually has a long history. The methodology provides additional flexibility in design choices and clearly delivers an increase of more than 3 dB in maximum output over a single-gap design. Also, when realized using neodymium as a magnet material and with proper nesting of the structure in a well-designed heat sink, the design can yield a significant reduction in weight, lower distortion, lower power compression, and lower inductance than a traditional single-gap design and yet maintain cost competitiveness. The addition of a third, shorted coil between the two drive coils, acting as a dynamic brake, can furthermore improve performance at high excursions.
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